Abstract: A pseudo-spectral method is used to solve the 3-D acoustic wave equation in the time domain. Application of this computation and memory-intensive method to shallow-water propagation and scattering problems is discussed. Three-dimensional solutions are given for two different shallow-water problems: oblique pulse propagation through a solitary internal wave and pulse scattering from anisotropic bottom inhomogeneities. The size of a typical computational domain for both problems is about 40x40~40 acoustic wavelengths. However, calculation distances up to several hundred wavelengths from the source have been achieved by moving the computational domain with the acoustic wave front. The accuracy of the pseudo-spectral method has been checked with analytical solutions to simpler problems. The pseudospectral method confirms the accuracy of approximation methods such as parabolic equation methods in complicated range-dependent environments.
INTRODUCTION
Oceanographic and geological processes such as Internal Solitary Waves (ISW), bottom topography, and dipped sediment layers can introduce strong horizontal anisotropy in the shallow-water propagation environment. Numerical analysis of three-dimensional effects (e.g. refraction, out-of-plane scattering) in such environments requires a fully 3-D model which can treat medium variations at size scales comparable to the acoustic wavelength. The pseudospectral method is one of the best candidates within its class to tackle such strongly range-dependent problems. It compares favorably with both finite-difference and finite-element methods in terms of required grid density (as low as Nyquist spatial frequency) in calculating the spatial differentials with equivalent or better accuracy [l] .
BACKGROUND

Development
of the pseudo-spectral method for solving the wave equation immediately followed the finite difference and finite element methods in mid 1970's. Both acoustic and elastic wave equations are solved in the time domain; intrinsic attenuation and absorbing boundaries can be incorporated by using several techniques (see [l] and 121 for a full list of references). This paper shows results obtained by using the pseudo-spectral method in two 3-D shallow-water problems; (1) analysis of mode coupling and refraction due to oblique incidence on ISWs, and (2) scattering from seabed inhomogeneities.
We solve the scalar acoustic wave equation
(1)
where P(x, t) is the pressure at position x and time t, c(x) is the sound speed, p(x) is the density, and S(x, t) is the source term. Spatial differentiation is performed via forward and inverse Fourier transforms; a second-order implicit finite-difference scheme is used for differentiation in time. The stability criterion for a homogenous medium is that At < &Ad / (27n~), where Ad is grid spacing in x, y, and z , and c is the sound speed . Our experience shows that a time step At = U /4c will produce stable solutions for typical sound-speed variation in the water column and ocean sediment. In this case, the computational domain can be moved one grid space at every 4" time step so that the pulse (including the coda) is retained within the computational domain as propagation continues.
This movingdomain approach saves significant computer storage and computation time.
NUMERICAL EXAMPLES
Our first example is computed mode coupling coefficients and horizontal refraction induced by a single ISW shown in Fig. la. A four-cycle Hanning-weighted CW (f, = 200 Hz) pulse (vertically shaded by first acoustic mode shape and a plane wave in the horizontal coordinates) is propagated at normal and oblique incidence angles to the ISW crest. Figure lb shows that as the incidence angle a changes, coupling to higher order modes varies due to variation in the effective width of the soliton and acoustic refraction within the ISW. For the larger values of a, computations to distances on the order of 300 wavelengths were required. An interesting effect, 'beam spreading," can be also seen in Fig. 1 b. Lateral translation of the coupled higher order modes (e.g., see Mode4 for 45" incidence angle) is the result of refraction due to change in the horizontal wavenumber of the signal. The refraction angle of agrees with Snell's law using a sharp interface approximation.
In the second example, we calculate the 3-D acoustic scattering from subbottom inhomogeneities for sandy and muddy bottoms. A 3-D horizontally anisotropic spectrum of a von Karman type [3] describes sediment sound-speed and density inhomogeneities:
where a, and a, are the horizontal scale factors, I-is the Gamma function, rn is the volume spectral exponent, p ' is the sound-speed variance, and 5 = (ax2eX2 + aY2eJ2 + b 5, )
2 "2 is the magnitude of the wavenumber vector 5 .
An incident gaussian-beam pulse (f, = 200 Hz) is propagated at 15" grazing angle. The sound-speed in the water column is 1500 m/s. Mean sound-speed and density values are 1570 m/s and 1800 kg/m3 for sand, and 1480 m/s and 1400 kg/m' for mud, respectively. The 3-D scattered field is calculated for both sandy and muddy bottoms with and without volume inhomogeneities. Figure 2 shows the inhomogenous sediment layer used in the calculation and corresponding 3-D scattered field at a range R=400 rn. As expected, the influence of volume inhomogeneities is smaller for a sandy bottom than for a muddy bottom. Scattered field is almost the same for both homogenous and inhomogenous sandy sediment depicting mainly a strong specular reflection. For the muddy bottom, the scattering from the homogenous and inhomogenous sediments differ significantly. The difference is attributed to volume inhomogeneities. 
